Abstract: This paper proposes a neuron adaptive harmonic detection algorithm which can adaptively,rapidly and precisely calculate the voltage and current reference signals in presence of the system frequency variation, according to which, a Double Integration Control (DIC) strategy is applied in Unified Power Quality Conditioner (UPQC) as an interface between the hybrid power system and the load.Generally, the UPQC consists of a shunt inverter, a series inverter and a DC-link capacitor, where DIC strategy is used separately in the shunt inverter and series inverter to force the output voltage of Voltage-Source Inverter (VSI) to track the reference value with high precision. The reference value for the shunt inverter is obtained based on the Recursive Least Squares (RLS). Simulation results demonstrate the effectiveness and reliability of the proposed detection algorithm and control strategy.
INTRODUCTION
The broad use of nonlinear loads has been causing power quality problems in the whole electrical grid. From 1987 to 2000, nonlinear loads have risen from only 15% to 50% [1] and it still keep growing. On the other hand, power quality demands are becoming more and more critical. For example, a 10%-30% voltage sag lasting for 3-30 cycles may result in industry process disruptions [2] , a 10%-20% voltage sag lasting for 2 cycles may result in production halts of paper plants [1] . In Europe, the loss due to poor power quality has reached 12 billion dollars every year [3] . To attenuate the nonlinear loads' influence in order to improve the power quality, unified power quality conditioner was presented in 1996 [4] , which can simultaneously deal with the current and voltage distortion and isolate the loads from the supply system. The implementation of the UPQC mainly includes two parts: the harmonic detection and the control strategy.
In voltage detection, the zero crossing detection [5] and the Phase-Locked Loop (PLL) [6] are commonly used. However, the zero crossing detection suffers from the nonstiff voltage and the PLL is affected by its inherent delay. To overcome these problems, a method using a Low Pass Filter (LPF) with a phase corrector is proposed to obtain the fundamental component of the system voltage which is non-stiff and contains multiple zero crossings [7] . But the method is not applicable when the system frequency is variant. To detect current reference, there are many algorithms including the instantaneous reactive power theory based detection algorithm, the Fourier transformation based detection algorithm, the neural networks based detection algorithm, the adaptive noise canceling technology based detection algorithm, the adaptive detection method etc. [8] [9] [10] [11] [12] .The p − q algorithm is affected by the distorted voltage, the i p − i q algorithm suffers from the inherent delay of the PLL, the practical application of the neural networks based detection algorithm needs to be further discussed, the adaptive detection method and the Fourier transformation based detection algorithm both suffer from the system frequency, in addition the detecting delay of the Fourier transformation based detection algorithm is comparatively large, the adaptive noise canceling technology based detection algorithm is hard to select the learning rate and thereby the performance is not guaranteed .
In this paper, we propose a novel adaptive detection method with linear neurons being used to deal with system frequency variation which can rapidly obtain precise current and voltage references at the same time. The detection method uses a neuron to approximate the load current or the system voltage whose filtered parameters are synchronously transformed to the treatment unit to calculate the fundamental component of the load current or the system voltage. Based on the detected fundamental system voltage, a three-point algorithm is applied in calculating the system frequency which is to be the input to the Variable Frequency Moving Average Filter (VF-MAF). This method also avoid the influence of multiple zero crossings and the phase-shift generated by the LPF and can widely regulate learning rate without affecting the performance much. The structure and theory of the Fig. 1 . the topology of single-phase UPQC method is simple which can be implemented by digital chips(e.g. DSP, FPGA). Based on the detected reference signals, the control strategies are utilized to make the output of the inverters track the references. In this paper we utilized a control strategy named Double Integration Control (DIC)which has been applied in a single-phase shunt active power filter in paper [13] . The DIC strategy transforms the reference values into the corresponding P-WM signals and is advantageous in making the VSI output directly track the reference value, regulating the frequency of PWM signals in a suitable range and suppressing the perturbation of DC-link voltage. According to the voltage tracking characteristic of the DIC strategy, a RLS -based current-voltage transformer is utilized to avoid the influence of parametric variation.
SYSTEM STRUCTURE
The proposed system structure contains a UPQC that connects the electrical grid and the load(see Fig.1 ). The system voltage is non-stiff due to the existence of R s L s and the load is composed of linear and non-linear loads. We denote the system voltage by V s and the load voltage by V L . Fig.1 shows a typical UPQC structure. As a bridge between the power system and the load, the UPQC contains a shunt inverter, a series inverter and a DC-link capacitor. The shunt inverter is implemented by a full-bridge circuit whose output V 2 is filtered by a passive filter consisting of a smoothing inductance L 2 and a smoothing capacitor C 2 . The basic function of the shunt inverter is to inject a compensating current i c so that the system current i s is free of harmonics and has the same phase with the system voltage, while the series inverter is designed to compensate the system voltage in order to keep the load voltage sinusoidal.The structure of series inverter is similar with the shunt inverter except that the series inverter links the system through a transformer. Denote the output of the series inverter by V 1 , the smoothing inductance and capacitor of the series side by L 1 and C 1 . The DC-link supplies energy via the large capacitor C dc whose voltage is denoted by v dc . The DC-link can be balanced by drawing energy from the power system through the shunt inverter. 2 shows the schematic diagram of the voltage detection which includes the adaptive filter, the frequency detection and the adaptive amplitude and phase detection. The adaptive filter is constructed by neuron1 (which approximates the actual system voltage) and the corresponding calculation [11] . The output of neuron1 is
where w 1,2 are the weights, u 1,2 are standard sinusoidal and cosinoidal inputs whose frequency is nominal (e.g. 50Hz). To minimize the objective function
the back-propagation algorithm is adopted to adjust the weights
The fluctuated weights are passed through the Moving Average Filter1 (MAF1) whose frequency is nominal. Based on the filtered weights w 1,2 , the detected voltage v 1 which is only in frequency with the fundamental component of the system voltage can be calculated as
Simultaneously, we can get the orthogonal signal of v 1
The sinals v 1 and v 1 are then normalized (Ssin and Scos signals, see Fig.2 ) by dividing the fundamental amplitude
Fig . 3 . The schematic diagram of the current detection
The voltage v 1 detected by neuron1 can be utilized to calculate the system frequency using the three point algorithm [14] . In the sample system, let
where T s is the sampling time. And the system frequency can be calculated
To improve the precision and avoid zero divide, the cos(ωT s ) can be derived from n points:
While neuron1 detects voltage v 1 is in frequency with the fundamental component of the system voltage, a second neuron2 is needed to detect the exact phase and amplitude of the fundamental voltage. The neuron2 is also utilized to approximate the system voltage v s , where w 3,4 are the weights and the signals (Ssin and Scos) are the inputs. The weights of neuron2 are adjusted in the same way with neuron1 (see equations (3) and (4)) and the weights are filtered via the Variable Frequency Moving Average Filter (VFMAF) whose frequency is the system frequency f . Finally, the fundamental component of the system voltage is reproduced by multiplying the Ssin and Scos signals with the filtered weights w 3,4
Similarly, we can get the unit signals Isin and Icos whose phase and frequency are identical with the fundamental component of the system voltage(See Fig.2) . Therefore, the harmonic voltage can be calculated by subtracting the fundamental voltage from the system voltage
If the point of common coupling voltage is required to remain at the nominal value, the compensating reference value v * c can be derived as
where V m is the nominal amplitude of the PCC voltage.
Similar in the structure for the current detection (see Fig.3 ). The inputs of linear neuron3 are the signals (Isin and Icos) and the weights w 5 and w 6 are regulated by the back-propagation algorithm (see equations (3) and (4)). Likewise, the neuron3 approximates the load current i L and the weights are filtered by the VFMAF [11] . The outputs of the VFMAF are utilized to calculate the fundamental current i 1
whose fundamental active current i p can be derived
where i 1 = Icos * w 5 − Isin * w 6 . Therefore, based on the actual demand, the current reference can be derived by subtracting the fundamental current i 1 or the fundamental active current i p from the load current i L .
CONTROLLER DESIGN FOR THE SINGLE-PHASE UPQC
The controllers for the single-phase UPQC consist of two loops:(1) the inner loop, including two DIC-based controllers for the series inverter and the shunt inverter separately; (2) the out loop that includes a PI controller for maintaining the DC-link voltage. The DIC strategy is simple in that it requires only two integrators, one comparator and one delay unit [13] . The main target of DIC is to use the inverter to generate any desired waveform by controlling the on/off status of the controllable electronic devices using bipolar switching, thereby forcing the output voltage of the inverters to track the reference signals closely(see Fig.1 ).
Controller for the series inverter
The series inverter is used to overcome the voltage distortion i.e. keep the load voltage sinusoidal via compensation. Based on the detected reference voltage, the DIC strategy can be directly applied in the series inverter.
Controller for the shunt inverter
The current reference value needs to be transformed to a voltage reference value. A direct way is to use the mathematic model
where r 2 is the equivalent resistant of the shunt side, by which the voltage reference V shu for the shunt inverter can be obtained as
The method shown as equation (19) needs to the knowledge of exact values of the parameters such as L 2 and r 2 , but the equivalent resistance r 2 of the shunt side is difficult to obtain. Moreover the inductance value fluctuates with the environmental variation and long run, too. Hence, online parameter identification based on Recursive Least Squares(RLS) is utilized to obtain the reference value for the shunt inverter [15] . Based on equation(19), the identification structure is
where u(k) is the input, z(k) is the output and n(k) is the detect noise. Rewrite the equation (20) as
where
the estimated parametersθ can be obtained
where ∆θ can be recursively calculated
The initial values for RLS can be computed as
τ , and L is the sampling length.The parameter amendment stops, when the following condition is satisfied
Therefore, based on the detected load voltage V L , the reference value V shu can be calculated using RLS.
PI controller for the DC-link
The shunt inverter can also be used to regulate the DClink voltage by drawing a proper amount of fundamental active current. The inverter is driven by a PI controller to maintain the DC-link voltage
where V dc is the reference value of the DC-link voltage. The output of the PI controller I dc is added to the fundamental active current
hence, the current reference i * c includes the energy drawn from the power system to balance the voltage of the DClink. The simulation based on matlab is carried out to examine the proposed detection algorithm and control strategy for the single-phase UPQC. To show the advantages of the detection algorithm, we consider a bad case that the system voltage with multiple zero crossings and the load current are worse distorted. Moreover, the system frequency varies from 52Hz to 48Hz and the phase jumps at 0.2s (see Fig.4 ). Here the voltage detection algorithm that uses Low Pass Filter(LPF) with a phase corrector [7] is not directly applicable, since the parameters of the phase corrector are affected by the frequency variation. Therefore, base on the LPF and corresponding calculation, we propose a generalized voltage detection algorithm (see Fig.5 ), where the filtered fundamental voltage v lpf is normalized and lagged 90
• to obtain the unit sine and cosine signals whose frequencies are that of the fundamental component of the system voltage. As shown in Fig.6 , the general algorithm and the neuron adaptive harmonic detection both can obtain the precise value of the fundamental component. However, the transient response of the neuron adaptive detection algorithm is faster than the general voltage detection algorithm. Comparing the neuron adaptive detection algorithm with the instantaneous reactive power theory based detection algorithm [9] , the result shows that both algorithms are capable of obtaining the precise value of the fundamental component of the load current but the transient response of the neuron adaptive detection algorithm is remarkable faster (see Fig.7 ). Fig.8 shows the detected results of the fundamental voltage in presence of learning rate variation ( where lr presents the learning rate η). Though the tracking effectiveness is worse when the Fig. 11 . The DC-link voltage v dc controlled by the PI controller learning rate becomes smaller, the tracking effectiveness is still better than the general voltage detection algorithm in the case the system frequency jumps and the situation is similar in the current detection.
To verify the control strategy, we construct the system as shown in Fig.1 with system parameters listed in Table  1 . Before running the single-phase UPQC, the DC-link is charged around the reference value. Then the UPQC is started by closing K1,K2,K4 and K5 and opening K3. Fig.9,10 show the compensation results of the system voltage and the load current, respectively. The system voltage is distorted, 10% sag and the system frequency varies (the origin frequency is 50Hz and jump to 49Hz at 0.16s). By compensation, the harmonics evidently decrease and the amplitude of the compensated load voltage returns to its nominal value(see Fig.9(b) ). Fig.10(a) shows the load current and K6 is closed at 0.28s. The loads are constructed by a nonlinear load (a rectifier with LR where L is 5mH and R is 6 Ω) and a linear load (LR load, where L is 0.5mH and R is 10 Ω). The compensated system current is shown in Fig.10(b) , the shunt inverter can work very well when the system frequency varies and the load changes. Fig.11 depicts the process of the DC-link voltage v dc . The first sag of v dc is due to the system running, the second sag is due to frequency variation and the third sag comes from the load change. The PI controller can maintain the DC-link voltage around the reference value.
CONCLUSION
This paper discusses the UPQC applied as a bridge between the power system and the customers with sensitive and critical loads, which isolates the load from the power system besides the high quality power transmission. In consideration of the system frequency variation, a neuron adaptive harmonic detection is applied in order to adaptively obtain the voltage and current reference signals with high precision. Comparing with the general detection algorithm, the neuron adaptive detection algorithm performs faster in presence of the system frequency variation and the load fluctuation. The controller design for the singlephase UPQC adopts the simple double-integration-control strategy The DIC strategy is able to force the output voltage of the VSI to track the reference voltages closely. In addition, a feed forward controller based on RLS is designed to transfer the current reference to the voltage reference for the shunt inverter.Simulation results exhibit the accurate, reliable and fast response of the proposed detection algorithm and control strategy.
